for the OCT Sub-Study Committee and the NORDIC Idiopathic Intracranial Hypertension Study Group. Peripapillary retinal pigment epithelium layer shape changes from acetazolamide treatment in the idiopathic intracranial hypertension treatment trial. Invest Ophthalmol Vis Sci. 2017;58:255458: -256558: . DOI:10.1167 PURPOSE. Recent studies indicate that the amount of deformation of the peripapillary retinal pigment epithelium and Bruch's membrane (pRPE/BM) toward or away from the vitreous may reflect acute changes in cerebrospinal fluid pressure. The study purpose is to determine if changes in optic-nerve-head (ONH) shape reflect a treatment effect (acetazolamide/placebo þ weight management) using the optical coherence tomography (OCT) substudy of the Idiopathic Intracranial Hypertension Treatment Trial (IIHTT) at baseline, 3, and 6 months.
I diopathic intracranial hypertension (IIH) is a clinical syndrome that predominantly affects young overweight women. It is characterized by an elevated intracranial pressure (ICP), otherwise normal cerebrospinal fluid, headaches, pulsatile tinnitus, and papilledema. Imaging studies are usually normal but often show distension of the nerve sheaths, flattening of the globe, empty sella, and stenosis of the transverse sinuses. 1, 2 Recently, a nationwide treatment trial of IIH, called the Idiopathic Intracranial Hypertension Treatment Trial (IIHTT), was completed; the IIHTT was a multicenter, randomized, double-masked, placebo-controlled clinical trial that demonstrated the effectiveness of acetazolamide þ weight management versus placebo þ weight management for improving the visual field and quality of life in treatment of 165 patients with IIH and mild vision loss. [3] [4] [5] The optical coherence tomography (OCT) substudy was further designed to explore continuousscale structural parameters to quantitatively monitor the changes over time in the optic nerve head (ONH) and macular regions using spectral-domain OCT (SD-OCT) images. [6] [7] [8] The preliminary outcomes from the IIHTT OCT substudy showed that the standard OCT measures of papilledema (including the ONH volume, mean peripapillary retinal nerve fiber layer [pRNFL] and total retinal [pTR] thicknesses) were reliable and responsive to the effects of acetazolamide on papilledema. [6] [7] [8] In addition to the standard OCT measures that have been introduced in the previous paragraph, our group recently reported that the shape of the peripapillary retinal pigment epithelium and/or Bruch's membrane (pRPE/BM) layer in patients with intracranial hypertension (ICH) is displaced anteriorly toward the vitreous, and this shape difference is not otherwise explained by disc edema alone. 9, 10 It has been shown that interventions that lower the ICP (e.g., spinal tap, shunting procedure, or medical treatment of IIH) will normalize the anterior displaced pRPE/BM layer in a posterior direction away from the vitreous. 11 In the original method of generating the pRPE/BM shape model, 10 equidistant landmarks were manually placed from the pRPE/BM opening (BMO) along the pRPE/BM boundary at both nasal and temporal directions in the central high-definition 5-line raster (HD-5LR) B-scan for each available subject. 10 However, this manual procedure is very time consuming. Therefore, we further developed a semiautomated methodology 12 to more efficiently place the landmarks on the pRPE/BM surface to make the pRPE/BM shape model available in larger data sets (also see Methods).
The relationships among the standard OCT measures reflecting ONH swelling and clinical features at baseline, 3-, and 6-month time points under treatment with either acetazolamide þ weight management or placebo þ weight management were previously reported in the IIHTT OCT substudy. [6] [7] [8] However, details about how the pRPE/BM shape prospectively changes in response to therapy in these cohorts have not been reported. The purpose of this work was to (1) quantify the pRPE/BM shape deformation for all the available subjects in the longitudinal IIHTT OCT substudy with data of adequate quality for every scheduled visit, and (2) compare the newly computed pRPE/BM shape measure to the standard OCT measures of papilledema from baseline to 3 and to 6 months in both treatment groups. A semiautomated method 12 was used to compute the pRPE/BM shape measure for each available subject in the IIHTT OCT substudy data set at presentation as well as at follow-up points during the study treatment interval for 6 months to determine whether the pRPR/BM shape change reflects a treatment effect.
METHODS

Data Acquisition
Clinical reports of the IIHTT were recently published, [3] [4] [5] 13, 14 and the OCT substudy outcomes were also released. [6] [7] [8] In IIHTT, the enrolled study eyes were from the worse eyes of the IIH patients naïve to treatments with a perimetric mean deviation (PMD) of À2.00 to À7.00 dB using the SITA standard 24-2 test pattern on the Humphrey Field Analyzer II perimeter (Swedish Interactive Threshold Algorithm; Carl Zeiss Meditec, Inc., Dublin, CA, USA). 3, 5 In the IIHTT OCT substudy, 125 subjects were included at 24 sites 6-8 based on availability of OCT at the different study sites. Three SD-OCT image protocols were included in the OCT substudy: (1) the ONH-centered HD-5LR scan, (2) the volumetric ONH-centered scan, and (3) the volumetric fovea-centered macular scan (using the Cirrus 4000 SD-OCT machine with software version 6.01, Carl Zeiss Meditec, Inc.). All the OCT images for each subject were acquired from both eyes at the time points of baseline, 3-, and 6-month follow-up in both acetazolamide þ weight management group and placebo þ weight management groups. In this report, only accurately ONH-centered HD-5LR and volumetric scans with signal strength seven or greater were included.
Calculations of Conventional SD-OCT Parameters
As reported in our previous IIHTT OCT substudy baseline 6 and 6-month outcome papers, 8 commercial software for segmenting retinal layers in the ONH-centered OCT volumes had noticeably higher failure rates than the Iowa 3D graphtheoretical methods [15] [16] [17] [18] when the optic disc was swollen. Therefore, in this work, only the Iowa 3D methods were used to automatically segment retinal layers (Fig. 1) . Consistent with the methodology of the other IIHTT OCT substudy papers, 6, 8 the ONH volume, mean pRNFL, and pTR thicknesses along a radius of 1.73 mm around the center of the ONH were computed. 6, 8 Peripapillary RPE/BM Shape Deformation Measure From HD-5LR Scans
To quantify the pRPE/BM shape deformation, the pRPE/BM shape model was first generated. The traditional method 10 used 10 manual equidistant landmarks starting from the BMO along the pRPE/BM boundary covering 2.5 mm in length at each nasal and temporal side in the HD-5LR OCT central Bscan, which passes through the center of the optic disc. Therefore, the pRPE/BM shape derived from the central B-scan contained 20 equidistant landmarks. However, manual placement of 20 equidistant landmarks in OCT B-scans in a large data set requires a lengthy manual processing time and very specific expertise, making the originally reported shape analysis 10 difficult to perform in the large IIHTT data set, motivating the present semiautomated analysis.
In this work, a custom semiautomated method 12 ( Fig. 2 ) was used to accelerate the process of sampling landmarks used in the previous work. 10 Two landmarks were first manually placed at the end of the BM surface in the central HD-5LR Bscan (the red dots in Fig. 2b) , and then the complete pRPE/BM surface was automatically segmented using a graph-based algorithm 15, 18 (i.e., the red line in Fig. 2c ). Then the other 18 equidistant landmarks were automatically placed along the presegmented pRPE/BM surface covering 2.5 mm at both nasal and temporal side (the yellow dots in Fig. 2d ). In particular, during the process of manually placing the two BMO landmarks, only the information from the image itself was used; no subject information, such as treatment group labels, ICP measures, subject visit labels, was considered.
Applying the process of landmark placing to 116 available baseline right eyes from the IIHTT OCT substudy data set, Procrustes analysis and principal component analysis (PCA) were used to generate the pRPE/BM shape models. 12 In addition, the scaling step in Procrustes analysis was particularly excluded to preserve the meaningful distances among the landmarks, which are defined based on physical distances along the pRPE/BM surface from the BMO. As previously demonstrated, 12 the second principal component of the pRPE/ BM shape models, called the pRPE/BM shape measure (c s ) in this work, represents the degree of the pRPE/BM anterior/ posterior displacement, which means that a more negative value of the coefficient reflects a larger pRPE/BM displacement toward the vitreous and vice versa (Fig. 3) . Next, the pRPE/BM shape measure was computed for each available subject at FIGURE 3. Statistical pRPE/BM shape model, which was generated by 116 baseline right eyes from the data set of IIHTT OCT substudy, where S,S, k L2 , e L2 , and c s represent the pRPE/BM shape, the mean shape, the second largest eigenvalue (k L2 ), the eigenvector corresponding to k L2 and the pRPE/BM shape measure, respectively. The left column shows the shape model changing with varying shape measure (c s ), and the right column shows example pRPE/BM shapes in the HD-5LR central B-scans.
baseline, 3-, and 6-month follow-up visits in the IIHTT OCT substudy data set. Note that the method of computing the pRPE/BM shape measure had been previously validated in a subset of 20 scans covering the full shape change range through a comparison of the shape measures using the semiautomated approach with a fully manual approach (correlation: 0.99, P < 0.01) and comparison of the shape measures using the semiautomated approach with two different expert's manual markings of the BMO (correlation: 0.99, P < 0.01). 12 
RESULTS
Data Distribution
Of the 125 subjects in the OCT substudy, 62 in the acetazolamide þ weight management group (also referred to as the acetazolamide group) and 63 subjects in the placebo þ weight management group (also referred to as the placebo group) had OCT data. [6] [7] [8] Only considering study eyes in this data set, Table 1 shows the reasons of the unavailable OCT scans in the acetazolamide and placebo groups at baseline, 3, and 6 months for both OCT HD-5LR and ONH-centered protocols. Three categories were typical. The ''missing scans'' were the cases in which these OCT images were either not acquired in the first place (mostly occurred at the 3-and/or 6-month visits) or not successfully converted from the proprietary image format to a format readable by our algorithms. ''Bad scans'' represent the OCT scans with bad image quality, so the layer segmentation algorithm failed to process them. Typical situations included: (1) the images had severe motion artifacts, (2) the centers of these images were off from the ONH center, or (3) the images had random regions with extremely low intensity. ''Wrong scans'' were only applicable for the HD-5LR scans. These scans were inaccurately acquired using macular protocol instead of the required ONH-centered protocol. To fairly compare the pRPE/BM shape measure with the other OCT measures (i.e., the pRNFL and pTR thicknesses, and the ONH volume) in both treatment groups at the baseline, 3, and 6-month follow-ups, the subjects who did not have complete measurements from both OCT image protocols and longitudinal time points were further excluded. The number of subjects with complete OCT measures at all three visits in the acetazolamide group and placebo group were 39/62 (62.9%) and 31/63 (49.2%), respectively; this data set will be referred to as the ''complete data set'' in the following sections. In addition, comparing the 70 subjects in the complete data set with the excluded 55 subjects, the unpaired t-tests failed to Baseline, Month 3, and Month 6: The number of subjects having OCT images at baseline, 3 months, and 6 months, respectively. Intersection: the number of subjects having all baseline, 3-month, and 6-month OCT images available. Good scan: the number of subjects having available OCT scans to be correctly segmented and measured (at the given time point). Missing scan: the number of subjects having unavailable OCT scans due to the scan either not being acquired or not successfully converted from the proprietary image format to a format readable by our algorithms. Bad scan: the number of subjects having unavailable OCT scans due to bad image quality (severe motion artifacts, image center deviated from the ONH center, or random regions with extremely weak intensity). Wrong scan: the number of subjects having only fovea-centered HD-5LR scans rather than the required ONH-centered HD-5LR scans (only applicable to HD-5LR scans). Includes nested random subject effects, fixed treatment effects, fixed time effects, and the interaction between treatment and time (treatment 3 time). DFd, degrees of freedom in the denominator; DFn, degrees of freedom in the numerator. show significant differences between both groups in PMD (P ¼ 0.64) and in subject weights (P ¼ 0.66), respectively.
Repeated Measures Analysis of Variance (ANOVA)
A repeated measures analysis of variance (using the ezANOVA 19 function in the R language) was applied for each OCT measure using a model with nested random subject effects (different subjects in each treatment group), fixed treatment effects (two treatment groups: acetazolamide and placebo), fixed time effects (three time visits: baseline, 3 months, and 6 months), and the interaction between treatment and time (treatment 3 time). Table 2 provides the F-values of each factor (treatment, time, and treatment 3 time) for each OCT measure and the associated probability values (P values). The ANOVA results indicate that the interactions between treatment and time (treatment 3 time) were significant for all the OCT measures (P < 0.01). Hence, the next steps were to assess (1) the effect of each treatment group on 3-month and 6-month changes from baseline, and (2) the effects of time, separately for each of the two study groups. Table 3 shows the mean changes from baseline to 3-and to 6-month visit in both the acetazolamide group and placebo group. In the comparison of these two groups, the mean changes of the pRPE/BM shape measure from baseline to 3 and 6 months were both in the positive direction; this means the shape of pRPE/BM was oriented away from the vitreous. The mean shape change at 3 months (the value at 3 months minus that at baseline) was 0.64 vs. 0.01 and at 6 months (the value at 6 months minus that at baseline) was 0.87 vs. 0.07. The mean change of the ONH volume at 3 months was À4.21 vs. À0.35 mm 3 and at 6 months was À4.67 vs. À1.55 mm 3 . The mean change of the pRNFL thickness at 3 months was À160.51 vs. À14.51 lm and at 6 months was À170.22 vs. À58.74 lm. The mean change of the pTR thickness at 3 months was À198.67 vs. À18.02 lm and at 6 months was À213.29 vs. À73.04 lm. Onesided two-sample (unpaired) t-tests were used to assess the significance of the differences between the mean changes in the acetazolamide and placebo groups. Differences for both 3-month and 6-month changes from baseline between these two groups were highly significant for all four outcome measures (P < 0.01). Mean changes of pRPE/BM shape measure from baseline were significantly more positive (i.e., away from the vitreous) in the acetazolamide group than the ones in the placebo group (P < 0.01). The results for the three conventional OCT measures also indicated that the reductions of the optic disc swelling were significantly greater in the In both periods, the changes in each OCT measure in the acetazolamide group were significantly different than the ones in the placebo group (P < 0.01, one-sided two-sample unpaired t-tests).
pRPE/BM Shape Measure Change in IIH
acetazolamide group than the ones in the placebo group (all three P values < 0.01). Box plots of the measurements at baseline, 3-month, and 6-month-shown separately for the two treatment groups-are given in Figures 4 through 7. A repeated measures ANOVA model with random subject effects and a fixed time effect were fit separately for the acetazolamide and the placebo group. The results in Table 4 show that the effect of time was significant for all cases (the two treatment groups and the four outcome measures), except for the pRPE/BM shape measure in the placebo group (P ¼ 0.85).
Pairwise differences of average measurements at the three time periods (baseline, 3 months, and 6 months) are also shown in Figures 4 through 7 , for both the acetazolamide group (top) and the placebo group (bottom). The 95% Tukey confidence intervals shown in these graphs adjust the overall error rate for all pairwise multiple comparisons and they use the error estimate from the repeated measures ANOVAs in Table 4 . The Tukey confidence intervals for the acetazolamide and placebo groups are drawn on the same scale, to allow an assessment to the magnitude of the respective time effects.
In the acetazolamide group (top row in Fig. 4) , the Tukey tests with 95% confidence level showed that the mean pRPE/ BM shape measure changes from baseline were significantly more positive (away from vitreous) in 3 months and in 6 months (P < 0.01) but not from 3 to 6 months (P ¼ 0.35). In the placebo group (bottom row in Fig. 4) , the paired comparisons of the mean change of the shape measures were not significant among all three time periods (P ‡ 0.85). For the other OCT measures (i.e., the ONH volume, pRNFL, and pTR thicknesses), in the acetazolamide group (top rows in Figs. 5, 6, 7), the significant changes also happened from baseline to 3 months and to 6 months (P < 0.01) but not from the 3 to 6 months (P > 0.60); in the placebo group (bottom rows in Figs. 5, 6, 7), the significant changes happened at least 3 months after baseline (P < 0.01).
Comparisons Between Groups With Positive and Negative Shape Change at 6 Months
Profile plots in Figure 8 illustrate the changes in the OCT measurements at baseline, 3, and 6 months in the acetazolamide (left column) and placebo (right column) groups. First, in Figure 8a , subjects were separated into two groups based on the pRPE/BM shape measure changes in 6 months: the cases with the pRPE/BM shape change toward vitreous in the top row; the cases with the shape change away from vitreous in the bottom row. Then, the same subject distribution setting was applied to the subfigures of the ONH volume, pRNFL, and pTR thicknesses (i.e., Figs. 8b, 8c, 8d) . The median values of all the measurements at each time point in different groups were marked as black triangles. To visualize the ranges of normal subjects in these measurements, the numbers of the 5%, 50%, and 95% percentiles of 159 normal eyes were shown as the blue horizontal dot lines (Note: an independent data set was provided by Carl Zeiss Meditec, Inc.; subject ages 50). Particularly, comparing the cases in the acetazolamide group with positive pRPE/BM shape changes to the cases in the placebo group (i.e., the bottom rows in Figs. 8b, 8c, 8d ), all three measurements show their median values were in the normal ranges after 3 months in the acetazolamide group, but similar progress in the placebo group needed to take 6 months. Separated by treatment groups, with nested random subject effects plus a fixed time effect (baseline, 3 months, and 6 months). DFd, degrees of freedom in the denominator; DFn, degrees of freedom in the numerator. Correlations are shown for subjects in the acetazolamide group, for subjects in the placebo group, and for combined (overall).
Correlations Among Shape Measure and the Other OCT Measures
Pearson correlation tests (95% confidence level) were performed in the acetazolamide group (39 subjects), placebo group (31 subjects), and the overall group (total of 39 þ 31 subjects) between 3-month (and 6-month) changes from baseline for the pRPE/BM shape measure and the other three OCT measures (Table 5) . When separated by treatment groups, the correlation coefficients among changes in the shape measure and changes in the other OCT measures were small (q 0.28) and insignificant (P ‡ 0.01), for both 3-month and 6-month differences from baseline. Correlations reached a moderate level when all the subjects were combined (À0.38 q À0.32), with P values < 0.01.
DISCUSSION
Our data show that normalization of the pRPE/BM shape, demonstrated by a semiautomated method of analysis of transaxial ONH images, reliably reflects the effect of acetazolamide þ weight management in significantly improving the structural abnormalities associated with papilledema beyond the effects of weight management alone. Most of the change in shape of Bruch's membrane occurred during the 3 months of acetazolamide therapy, whereas no significant shape change occurred in the placebo group during the study period. Quantitative assessment of the pRPE/BM shape and subsequent change of the pRPE/BM shape appears to be another potential biomarker used to measure the success of treatment of raised ICP. The findings in this study are consistent with a previous study with similar findings after lowering the ICP using a different shape analysis methodology (Geometric Morphometrics) 11 and studies using various structural measures of the pRPE/BM surface. [20] [21] [22] Displacement of Bruch's membrane at the ONH appears to reflect the translaminar pressure differential between the retrolaminar and intraocular fluid compartments and is a potential biomarker of successful treatment of raised ICP.
This study showed a lack of significant change in pRPE/BM shape measure in the placebo þ weight management group, even though the OCT measures of papilledema improved (Figs.  4-7) . The explanation for this dissociation is unknown. On one hand, the lack of the ganglion cell layer thinning suggests that the reduction in papilledema was not due to optic atrophy. 8 On the other hand, the persistent BM shape deformation suggests that ICP was still elevated. Thus, the improvement in papilledema raises the possibility that there are non-ICP related mechanisms to reduce swelling, for example an adaptive compensation in axoplasmic flow. Furthermore, the time FIGURE 8. Profile plots for the OCT measures of the pRPE/BM shape measures, ONH volumes, pRNFL, and pTR thicknesses at baseline, 3 months, and 6 months for (1) subjects in the acetazolamide group (left column) and the placebo group (right column) and (2) subjects with 6-month pRPE/ BM shape change toward vitreous (top row) and away from vitreous (bottom row). The black triangles represent the median values of each time point in different divisions, and the blue horizontal lines represent the 5%, 50% and 95% percentiles in 159 normal eyes (age 50 years).
course of improvement in the OCT parameters of papilledema was slower, more delayed, and of lesser magnitude in the placebo group compared to the acetazolamide group (Figs. 5-7 ). Further supporting this possibility is the fact that in the subset of subjects with cerebrospinal fluid (CSF) pressure measurements available at both baseline and 6 months, the reduction in CSF pressure was significantly greater in the acetazolamide group (P < 0.01; one-sided unpaired t-test).
It has also been shown that the shape changes associated with ICH are independent of the optic disc edema 10 and take place in patients with optic atrophy where edema is minimal or does not occur. 11 Choroidal folds and flattening of the globe have been reported in patients with ICH who have little or no papilledema. 23, 24 Moreover, recent studies have demonstrated that the types and patterns of folds in papilledema, expressions of stress and strain, appears to be a function of two separate but interrelated biomechanical drivers: volumetric expansion of the ONH and anterior deformation of pRPE/BM. 25, 26 The specific response to CSF pressure may also be modulated by a variety of individual factors including the geometry and structural stiffness of the scleral flange, dural sheath, and lamina cribrosa and sclera. [25] [26] [27] [28] [29] [30] [31] [32] One challenging aspect of this study was to accurately and consistently place the pRPE/BM opening landmarks on the HD-5LR central B-scans in eyes with severe optic disc swelling.
Although HD-5LR scans have higher image quality than the regular SD-OCT volumes, the step of accurately placing landmarks manually is still difficult due to poor OCT signal penetrance in cases where there is more severe optic nerve edema or due to the interference of shadows from more superficial retinal tissue as well as vessels. Figure 9a shows an example where the Bruch's membrane opening region is eclipsed by the shadow from swollen ONH at the nasal side, and Figure 9b gives possible location options for placing the BMO landmark, where the green arrow indicates the decision made in this example. In addition, placing the landmarks at the consistent locations of the BMO instead of the border tissue (e.g., the temporal side in Fig. 9c ) is tricky. In this study, the criterion tends to find the ending points of the pRPE/BM surface (i.e., the green arrow in Fig. 9d ) rather than the ending points of the border tissue (i.e., the red arrow in Fig. 9d) .
Another limitation in this study was the presence of missing data in all the available SD-OCT volumes and HD-5LR raster scans for the overall comparison. Although there were 125 subjects in the original data set, only 39 and 31 subjects in the acetazolamide and placebo groups, respectively, had complete OCT measures at every visit for use in this study (Table 1) . Several reasons resulted in the data exclusion including performing wrong OCT exams, incorrectly centered OCT images, truncation of markedly swollen ONH and peripapillary retina, and incomplete data for all three visits. One future aspect of this work will be to replace the manual step of placing the BMO landmarks with a fully automated analysis. Although the semiautomated method in this study was a significant improvement, reducing the necessary amount of manual landmarks required from 20 landmarks in the traditional manual method 10 to only two landmarks in the semiautomated method, 12 there still exists a need to develop a fully automated method to make the pRPE/BM shape analysis available for data sets without any sample size limitation 33 and without the need for acquiring high density raster scans. Another future direction is to extend the current 2D pRPE/BM shape analysis into a 3D analysis, in which the pRPE/BM opening landmarks are able to be sampled on the entire pRPE/ BM surface in an ONH SD-OCT volume rather than just one HD 2D B-scan. A 3D pRPE/SM shape model is expected to have promising advantages because it potentially will have significantly more landmarks than the 2D models have (e.g., hundreds of landmarks in a 3D shape versus 20 landmarks in a 2D shape) and will incorporate 3D contextual information. We also plan to determine whether automated analysis showing pRPE/BM shape changes can accurately reflect the dynamic process occurring at the ONH and reflect changes in CSF pressure from therapy or failed intervention. The hope is that this OCT measure can provide an in vivo noninvasive measure of significant increases or decreases in ICH.
